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1

FINFETS AND METHODS OF FORMING
FINFETS

PRIORITY CLAIM AND CROSS-REFERENC.

L1

This application 1s a divisional of U.S. patent application
Ser. No. 15/200,770, filed on Jul. 1, 2016 and entitled
“FINFETS AND METHODS OF FORMING FINFETS,”
which claims priority of U.S. Provisional Application No.
62/327,135, filed on Apr. 25, 2016 and entitled “FINFETS
AND METHODS OF FORMING FINFETS,” which patent

applications are incorporated herein by reference.

BACKGROUND

As the semiconductor industry has progressed 1nto nano-
meter technology process nodes 1n pursuit of higher device
density, higher performance, and lower costs, challenges
from both fabrication and design 1ssues have resulted in the
development of three-dimensional designs, such as a fin
field eflect transistor (FinFET). A typical FinFET is fabri-
cated with a thin vertical “fin” (or fin structure) extending
from a substrate formed by, for example, etching away a
portion of a silicon layer of the substrate. The channel of the
FinFET 1s formed 1n this vertical fin. A gate 1s provided over
(e.g., wrapping) the fin. Having a gate on both sides of the
channel allows gate control of the channel from both sides.

However, there are challenges to implementation of such
features and processes 1 semiconductor fabrication.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarity of
discussion.

FIG. 1 1s an example of a Fin Field-Effect Transistor
(FinFET) 1n a three-dimensional view.

FIGS. 2 through 6, 7A-7C, 8A-8C, 9A-9C, and 10
through 14 are three-dimensional and cross-sectional views
of intermediate stages 1n the manufacturing of FinFETs 1n
accordance with some embodiments.

FIGS. 15 and 16 illustrate cross-sectional views of inter-
mediate stages of processing of a gate-last structure in
accordance with some embodiments.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing diflerent fea-
tures of the invention. Specific examples of components and
arrangements are described below to simplity the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature in the description
that follows may include embodiments 1n which the first and
second features are formed 1n direct contact, and may also
include embodiments 1n which additional features may be
formed between the first and second features, such that the
first and second features may not be i1n direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters 1n the various examples. This repetition 1s
tor the purpose of simplicity and clarity and does not 1n 1tself
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dictate a relationship between the various embodiments
and/or configurations discussed.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper”’ and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device 1n
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

Fin Field-Effect Transistors (FinFETs) and methods of
forming the same are provided in accordance with various
embodiments. Intermediate stages of forming FinFETs are
illustrated. Some embodiments discussed herein are dis-
cussed 1n the context of FinFETs formed using a gate-first
process. In other embodiments, a gate-last process (some-
times referred to as replacement gate process) may be used.
Some variations of the embodiments are discussed. One of
ordinary skill in the art will readily understand other modi-
fications that may be made that are contemplated within the
scope of other embodiments. Although method embodi-
ments are discussed 1n a particular order, various other
method embodiments may be performed in any logical order
and may include fewer or more steps described herein.

Belore addressing the illustrated embodiments specifi-
cally, certain advantageous features and aspects of the
present disclosed embodiments will be addressed generally.
In general terms, the present disclosure 1s a semiconductor
device and method of forming the same to provide a simple
and cost-eflective process flow to achieve a epitaxial source/
drain 1n a FinFE'T with less defects (such as dislocations), at
least near a channel region of the FinFET, for device
enhancement. In addition, this simple and cost-eflective
process tlow may achieve better 1solation between adjacent
fins by reducing the leakage between adjacent fins and may
also reduce the contact resistance to the source/drain region.
In particular, embodiments such as those disclosed below
include a process tflow and structure that utilizes epitaxially
grown source/drain regions with some of the i1solation
material of the 1solation region (e.g. shallow trench 1solation
(STI) region) and some of the sidewall spacer material
remaining between the adjacent fins in the source/drain
regions. This remaining 1solation material and spacer mate-
rial suppresses the generation of dislocations because 1t
reduces the amount of epitaxial volume between adjacent
fins. Further, the remaining 1solation material and spacer
material can reduce the capacitance between the between the
epitaxial source/drain structure. This reduced capacitance
can allow for better alternating current (AC) performance
for the device. Further, an upper surface of the epitaxial
source/drain structure may have a non-planar (e.g. undulat-
ing and/or wavy) top surface, which can increase the contact
surface area for the overlying contact. This increased contact
surface area can reduce the contact resistance to the source/
drain region.

FIG. 1 illustrates an example of a FinFET 30 1mn a
three-dimensional view. The FinFET 30 includes a {in 36 on
a substrate 32. The substrate 32 includes 1solation regions
34, and the fin 36 protrudes above and from between
neighboring 1solation regions 34. A gate diclectric 38 1s
along sidewalls and over a top surface of the fin 36, and a
gate electrode 40 1s over the gate dielectric 38. Source/drain
regions 42 and 44 are disposed 1n opposite sides of the fin
36 with respect to the gate dielectric 38 and gate electrode
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40. FI1G. 1 further illustrates reference cross-sections that are
used 1n later figures. Cross-section B-B 1s across a channel,
gate dielectric 38, and gate electrode 40 of the FinFET 30.
Cross-section C-C 1s parallel to cross-section B-B and 1s
across a source/drain region 42. Cross-section A-A 1s per-
pendicular to cross-section B-B and 1s along a longitudinal
axis of the 1in 36 and 1n a direction of, for example, a current
flow between the source/drain regions 42 and 44. Subse-
quent figures refer to these reference cross-sections for
clarty.

FIGS. 2 through 6, 7A-7C, 8A-8C, 9A-9C, and 10
through 14 are three dimensional and cross-sectional views
ol mntermediate stages 1n the manufacturing of FinFETs 1n
accordance with some embodiments. FIGS. 2 through 6,
TA-TC, 8A-8C, 9A-9C, and 10 through 16 illustrate a
FinFET similar to FinFET 30 1n FIG. 1, except for multiple
fins. FIGS. 2 through 6 1llustrate cross-section B-B. In FIGS.
7A through 9C, figures ending with an “A” designation are
three-dimensional views, figures ending with a “B” desig-
nation 1llustrate cross-section B-B, and figures ending with
a “C” designation illustrate cross-section C-C. FIGS. 10 and
12-14 1illustrate cross-section C-C and FIG. 11 illustrates
cross-section A-A.

FIG. 2 1llustrates a substrate 50. Substrate 50 may be a
semiconductor substrate, such as a bulk semiconductor, a
semiconductor-on-insulator (SOI) substrate, or the like,
which may be doped (e.g., with a p-type or an n-type dopant)
or undoped. The substrate 50 may be a water, such as a
silicon wafer. Generally, an SOI substrate includes a layer of
a semiconductor material formed on an insulator layer. The
insulator layer may be, for example, a buried oxide (BOX)
layer, a silicon oxide layer, or the like. The msulator layer 1s
provided on a substrate, typically a silicon or glass substrate.
Other substrates, such as a multi-layered or gradient sub-
strate may also be used. In some embodiments, the semi-
conductor material of the substrate 50 may include silicon;
germanium; a compound semiconductor including silicon
carbide, gallium arsenic, gallium phosphide, indium phos-
phide, indium arsenide, and/or indium antimonide; an alloy
semiconductor including Si1Ge, GaAsP, AllnAs, AlGaAs,
(GalnAs, GalnP, and/or GalnAsP; or combinations thereof.

The substrate 50 may include integrated circuit devices
(not shown). As one of ordinary skill 1n the art will recog-
nize, a wide variety of mtegrated circuit devices such as
transistors, diodes, capacitors, resistors, the like, or combi-
nations thereof may be formed 1n and/or on the substrate 50
to generate the structural and functional requirements of the
design for the FinFET. The integrated circuit devices may be
formed using any suitable methods.

FIG. 3 1llustrates the formation and patterning of a mask
layer 56 over the substrate 50 and the patterning of the
substrate 50 using the mask layer 52 to form semiconductor
strips 60. In some embodiments, the mask layer 52 1s a hard
mask and may be referred to as hard mask 52 hereinaftter.
The hard mask 52 may be formed of silicon nitride, silicon
oxynitride, silicon carbide, silicon carbonitride, the like, or
a combination thereof.

In some embodiments, the semiconductor strips 60 may
be formed by etching trenches in the substrate 50. The
ctching may be any acceptable etch process, such as a
reactive 1on etch (RIE), neutral beam etch (NBE), the like,
or a combination thereof. The etch may be anisotropic.

FIG. 4 1llustrates the formation of an insulation material
between neighboring semiconductor strips 60 to form 1so-
lation regions 62. The insulation material may be an oxide,
such as silicon oxide, a nitride, the like, or a combination
thereol, and may be formed by a high density plasma
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chemical vapor deposition (HDP-CVD), a tlowable CVD
(FCVD) (e.g., a CVD-based material deposition 1n a remote
plasma system and post curing to make it convert to another
maternial, such as an oxide), the like, or a combination
thereof. Other insulation materials formed by any acceptable
process may be used. In the illustrated embodiment, the
insulation material 1s silicon oxide formed by a FCVD
process. An anneal process may be performed once the
insulation material 1s formed. Further 1n FIG. 4, a planariza-
tion process, such as a chemical mechamical polish (CMP),
may remove any excess insulation material (and, 11 present,
the hard mask 56) and form top surfaces of the 1solation
regions 62 and top surfaces of the semiconductor strips 60
that are coplanar.

FIG. 5 1llustrates the recessing of the 1solation regions 62,
such as to form shallow trench 1solation (STI) regions 62.
The 1solation regions 62 are recessed such that the upper
portions of the semiconductor strips 60 protrude from
between neighboring isolation regions 62 and form semi-
conductor fins 64. The top surfaces of the 1solation regions
62 may have a flat surface as illustrated, a convex surface,
a concave surface (such as dishing), or a combination
thereolf. The top surfaces of the 1solation regions 62 may be
formed flat, convex, and/or concave by an appropriate etch.
The 1solation regions 62 may be recessed using an accept-
able etching process, such as one that 1s selective to the
material of the 1solation regions 62. For example, a chemical
oxide removal using a CERTAS® etch or an Applied Mate-
rials SICONI tool or dilute hydrofluoric (dHF) acid may be
used.

FIGS. 2 through 3 illustrate an embodiment of forming
fins 64, but fins may be formed in various different pro-
cesses. In one example, the fins can be formed by etching
trenches 1n a substrate to form semiconductor strips; the
trenches can be filled with a dielectric layer; and the dielec-
tric layer can be recessed such that the semiconductor strips
protrude from the dielectric layer to form fins. In another
example, a dielectric layer can be formed over a top surface
ol a substrate; trenches can be etched through the dielectric
layer; homoepitaxial structures can be epitaxially grown 1n
the trenches; and the dielectric layer can be recessed such
that the homoepltaxml structures protrude from the dielectric
layer to form fins. In still another example, heteroepitaxial
structures can be used for the fins. For example, the semi-
conductor strips can be recessed, and a material different
from the semiconductor strips may be epitaxially grown 1n
their place. In an even further example, a dielectric layer can
be formed over a top surface of a substrate; trenches can be
ctched through the dielectric layer; heteroepitaxial structures
can be epitaxially grown in the trenches using a material
different from the substrate; and the dielectric layer can be
recessed such that the heteroepitaxial structures protrude
from the dielectric layer to form fins. In some embodiments
where homoepitaxial or heteroepitaxial structures are epi-
taxially grown, the grown materials may be 1n situ doped
during growth, which may obviate prior and subsequent
implantations although 1n situ and implantation doping may
be used together. Still further, 1t may be advantageous to
epitaxially grow a material in an NMOS reglon different
from the material 1n a PMOS region. In various embodi-
ments, the fins may comprise silicon germanium (S1xGel -x,
where X can be between approximately 0 and 100), silicon
carbide, pure or substantially pure germanium, a III-V
compound semiconductor, a II-VI compound semiconduc-
tor, or the like. For example, the available materials for
tforming I1I-V compound semiconductor include, but are not
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limited to, InAs, AlAs, GaAs, InP, GaN, InGaAs, InAlAs,
(GaSh, AlISh, AIP, GaP, and the like.

FI1G. 6 1llustrates the formation of a gate structure over the
semiconductor fins 64. A dielectric layer (not shown) 1s
formed on the semiconductor fins 64 and the 1solation
regions 62. The dielectric layer may be, for example, silicon
oxide, silicon nitride, multilayers thereof, or the like, and
may be deposited or thermally grown according to accept-
able techniques. In some embodiments, the dielectric layer
may be a high-k dielectric material, and 1n these embodi-
ments, dielectric layer may have a k value greater than about
7.0, and may 1nclude a metal oxide or a silicate of Hi, Al, Zr,
La, Mg, Ba, T1, Pb, multilayers thereof, and combinations
thereof. The formation methods of dielectric layer may

include molecular-beam deposition (MBD), atomic layer
deposition (ALD), plasma-enhanced CVD (PECVD), and

the like.

A gate layer (not shown) 1s formed over the dielectric
layer, and a mask layer (not shown) 1s formed over the gate
layer. The gate layer may be deposited over the dielectric
layer and then planarized, such as by a CMP. The mask layer
may be deposited over the gate layer. The gate layer may be
formed of, for example, polysilicon, although other mater-
als may also be used. In some embodiments, the gate layer
may include a metal-containing material such as TiN, TaN,
TaC, Co, Ru, Al, combinations thereof, or multi-layers
thereof. The mask layer may be formed of, for example,
silicon nitride or the like.

After the layers are formed, the mask layver may be
patterned using acceptable photolithography and etching
techniques to form mask 70. The pattern of the mask 70 then
may be transierred to the gate layer and dielectric layer by
an acceptable etching techmique to form gate 68 and gate
dielectric 66. The gate 68 and the gate dielectric 66 cover
respective channel regions of the semiconductor fins 64. The
gate 68 may also have a lengthwise direction substantially
perpendicular to the lengthwise direction of respective semi-
conductor fins 64.

FIGS. 7A, 7B, and 7C illustrate the formation of gate seal
spacers 72 on exposed surfaces of 1solation regions 62,
semiconductor fins 64, gate 68, and mask 70. A thermal
oxidation or a deposition process may form the gate seal
spacers 72. In some embodiments, the gate seal spacers 72
may be formed of a nitride, such as silicon nitride, silicon
oxynitride, silicon carbide, silicon carbonitride, the like, or
a combination thereof.

FIGS. 8A, 8B, and 8C illustrate removing portions of the
gate seal spacers outside of the sidewalls of the gate struc-
tures. In some embodiments, an anisotropic etch process,
such as a dry etch process, may be used to remove portions
of the gate seal spacers 72 outside of the sidewalls of the gate
structures. In some embodiments, after the etch process,
some portions of the gate seal spacers 72 remains on the
1solation regions 62 between the adjacent semiconductor fins
64 (see FIGS. 8C, 9C, 10, and 12-14). The reason that some
gate seal spacer material 72 remains on the 1solation regions
62 may be at least at least partially due to the gate seal spacer
material 72 being formed thicker on the 1solation regions 62
as compared to the top surface of the semiconductor fins 64

(see FIG. 7C).

Further 1n FIGS. 8A, 8B, 8C, and FIGS. 9A, 9B, and 9C
the fins 64 outside of the gate structures are removed. The
gate structures may be used as a mask during the removal of
the fins 64. In some embodiments, the removal of the fins 64
outside of the gate structure 1s a multiple step removal
process. In an embodiment, the multiple step removal pro-
cess 1ncludes a first dry etch process and a second wet etch
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process. As illustrated 1n FIGS. 8A, 8B, and 8C, the first dry
etch process removes upper portions of the fins 64 outside of
the gate structure while maintaining gate seal spacer mate-
rial 72" on the 1solation regions between adjacent fins 64.
The second wet etch process selectively etches the remain-
ing portions of the fins 64 and, 1n some embodiments, etches
into the semiconductor strips 60 below an upper surface of
the 1solation regions 62 to form recesses 76 1 the semicon-
ductor fins 64 and/or 1solation regions 62.

The first step dry etch process may be any acceptable etch
process, such as a RIE, NBE, the like, or a combination
thereof. In an embodiment, the first step dry etch process 1s
a plasma dry etch process with a lower bombardment such
that the gate seal spacer material 72' 1s preserved on the
1solation regions 62 between the adjacent semiconductor
fins. The etch may be anisotropic. In some embodiments, the
first step dry etch process has a bias voltage of less than or
equal to about 30 volts 1n an environment with a pressure
greater than or equal to about 100 mullitorr (mTorr). The
plasma may be generated by any suitable method of gener-
ating the plasma, such as transformer coupled plasma gen-
erator, inductively coupled plasma systems, magnetically
enhanced reactive 1on etching, electron cyclotron resonance,
a remote plasma generator, or the like.

As 1llustrated in FIGS. 9A, 9B, and 9C, after the first dry
etch process, the second wet etch process further removes
the fins 64/60 between the remaining 1solation regions 62
and the remaining gate seal spacer material 72' to form
recesses 76. In some embodiments, the recesses 76 have
surfaces extending below top surfaces of the isolation
regions 62. This second wet etch process may be any
acceptable etch process, such as tetramethyalammonium
hydroxide (ITMAH), ammonium hydroxide (NH,OH), a wet
ctchant capable of etching the fins 64/60 with good etch
selectivity between the material of the fins 64/60 and a
material of the 1solation regions 62 and the gate seal spacer
material 72. The etch may be 1sotropic. In some embodi-
ments, aiter both the dry and wet etch processes have been
performed, the remaining gate seal spacer material 72' may
have rounded top surfaces (see FIG. 9C) due to the etching
processes. In some embodiments, the top surfaces of the
semiconductor strips 60 are exposed as at least portions of
the bottom surfaces of the recesses 76.

FIG. 10 1illustrates the formation of the source/drain
regions 80. The source/drain regions 80 are formed in the
recesses 76 by epitaxially growing a material in the recesses,
such as by metal-organic CVD (MOCVD), molecular beam
epitaxy (MBE), liquid phase epitaxy (LPE), vapor phase
epitaxy (VPE), selective epitaxial growth (SEG), the like, or
a combination thereof. As illustrated in 10, due to the
blocking of the remaiming isolation region material 62 and
remaining gate seal spacer material 72' between the adjacent
fins 64/60, source/drain regions 80 are first grown vertically
in the recesses 76 (section B 1n FIG. 10), during which time
the source/drain regions 80 do not grow horizontally. After
recesses 76 are fully filled, the source/drain regions 80 are
grown both vertically and horizontally to form facets (sec-
tion A 1n FIG. 10). As illustrated in FIG. 10, the remaining
gate seal spacer material 72' may have round top surfaces
and non-planar sidewalls (1.e. wavy or undulating sidewalls)
due to the etchung steps and/or force from the growth of the
epitaxial source/drain regions 80.

In FIG. 10, a Bi-layer like epitaxial source/drain structure
80 with sections A and B 1s 1llustrated. The structure between
epitaxial structures (sometimes referred to as an Inter-
Epitaxial structure), imncludes both the remaining 1solation
region material 62 and remaining gate seal spacer material
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72" and may also be referred to as an Inter-Epi Bi-Lavyer
structure. In some embodiments, the remaining gate seal
spacer material 72' extends between and contacts both the A
sections of the source/drain region 80 on the adjacent fins
64/60. The Inter-Ep1 Bi-Layer structure includes a first layer
(1) of gate seal spacer material 72' over a second layer (1.2)
of 1solation region material 62. In some embodiments, 1.1
has a height 1n a range from about 9 nm to about 15 nm. The
height of L1 will help to control the epitaxial volume of the
source/drains 80 and this will directly impact the WAT
performance of the device. In some embodiments, .2 has a
height 1n a range from about 14 nm to about 20 nm. The
height of L2 will help to determine the electrical 1solation
between adjacent fins and also will help to control the
epitaxial volume of the source/drains 80. In some embodi-
ments, the width (W1) of the Inter-Epi1 Bi-Layer structure 1s
in a range from about 17 nm to about 23 nm. The larger the
width W1 of the Inter-Ep1 Bi-Layer structure, the more
pressure the Inter-Epi1 Bi-Layer structure applies to the
epitaxial volume of the source/drains 80 which can degrade
the WAT performance, particularly 1t can degrade the (Isat/
Ion) performance.

As 1llustrated 1n FIG. 10, the source/drain regions 80 of
the adjacent fins 64/60 merge to form a continuous epitaxial
source/drain region 80. In some embodiments, the source/
drain regions 80 for adjacent fins 64/60 do not merge
together and remain separate source/drain regions 80. In
some exemplary embodiments 1n which the resulting Fin-
FET 1s an n-type FinFET, source/drain regions 80 comprise
silicon carbide (S1C), silicon phosphorous (S1P), phospho-
rous-doped silicon carbon (S1CP), or the like. In alternative
exemplary embodiments in which the resulting FinFET 1s a
p-type FinFET, source/drain regions 80 comprise S1Ge, and
a p-type impurity such as boron or mdium.

The epitaxial source/drain regions 80 may be implanted
with dopants to form source/drain regions 80 followed by an
anneal. The implanting process may include forming and
patterning masks such as a photoresist to cover the regions
of the FinFET that are to be protected from the implanting
process. The source/drain regions 80 may have an impurity
concentration in a range from about 10"~ cm™ to about 10°"

=, In some embodiments, the epitaxial source/drain

cm
regions may be 1n situ doped during growth.

FIG. 11 1llustrates the intermediate stage of processing of
FIG. 10 along the cross-section A-A of FIG. 1. As 1llustrated
in FIG. 11, the epitaxial source/drain regions 80 may have
surfaces raised from respective surfaces of the fins 64 (e.g.
raised above the non-recessed portions of the fins 64) and
may have facets. FIG. 11 further illustrates gate spacers 86
on the gate seal spacers 72 along sidewalls of the gate
structure. The gate spacers 86 may be formed by confor-
mally depositing a material and subsequently anisotropically
ctching the material. The material of the gate spacers 86 may
be silicon nitride, S1CN, a combination thereot, or the like.
The gate spacers 86 may be formed belfore or after the
epitaxial source/drain regions 80. In some embodiments,
dummy gate spacers are formed on the gate seal spacers 72
before the epitaxial process of the epitaxial source/drain
regions 80 and the dummy gate spacers are removed and
replaced with the gate spacers 86 after the epitaxial source/
drain regions 80 are formed.

After the formation of the source/drain regions 80, a
capping layer 84 1s formed on the source/drain regions 80.
The capping layer 84 may be considered part of the source/
drain regions. In some embodiments, the capping layer 84 1s
epitaxially grown on the source/drain regions 80. The cap-
ping layer 84 helps to protect the source/drain regions 80
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from dopant loss during the subsequent processing (e.g.
etching processes, temperature processing, etc.). The topog-
raphy of the source/drain regions 80 may be controlled to be
non-planar, as shown in FIGS. 10 and 12, or planar (not
shown).

The source/drain regions 80 can have a Ge concentration
of greater than 40%. The higher concentration of the source/
drain regions 80 allows for the source/drain regions 80 to
apply greater stress to the channel region of the FinFET. This
high dopant concentration portion of the source/drain
regions 80 may be referred to a stressor layer 80. In addition,
the dopant concentration of the capping layer 84 and the
stressor layer 80 can be different. For example, the capping
layer 84 can have a Ge concentration of less about 40%
while the stressor layer 80 has a Ge concentration of greater
than 40%.

In some embodiments, the stressor layer 80 and the
capping layer 84 can be formed in a single, continuous
epitaxial process. In other embodiments, these structures
may be formed in separate processes. In the embodiment
with the single, continuous process, the processing param-
cters of the epitaxial process (e.g. process gas flow, tem-
perature, pressure, etc.) can be varied to form these struc-
tures with the varying material compositions. For example,
during the epitaxy, the flow rate of the germanium-contain-
ing precursor (such as GeH,) may be at a first level during
the 1mitial formation of the stressor layer 80 (sometimes
referred to as a bufler layer) and may be increased to a
second level when transitioning to the formation of the main
part of the stressor layer 80. Further, the flow rate of the
germanium-containing precursor may be decreased to a third
level from the second level when transitioning to the for-
mation of the capping layer 84. The capping layer 84 and the
bufler layer may be considered part of the source/drain
regions.

Subsequent processing of the FinFET device may be
performed, such as the formation of one or more interlayer
dielectrics and formation of contacts. These processes will
be discussed below 1n reference to FIGS. 13 and 14.

In FIG. 13, an nterlayer dielectric (ILD) 90 1s deposited
over the structure illustrated in FIG. 12. The ILD 90 1s
formed of a dielectric material such as phosphosilicate glass
(PSG), borosilicate glass (BSG), boron-doped phosphosili-
cate Glass (BPSG), undoped silicate glass (USG), or the
like, and may be deposited by any suitable method, such as
CVD, PECVD, or FCVD.

In FIG. 14, a contact 92 1s formed through ILD 90. The
opening for the contact 92 1s formed through the ILD 90.
The opeming may be formed using acceptable photolithog-
raphy and etching techniques. In some embodiments, at least
a portion of the capping layer 84 i1s removed during the
formation of the opening. A liner, such as a diffusion barrier
layer, an adhesion layer, or the like, and a conductive
material are formed 1n the openings. The liner may include
fitanium, titanium nitride, tantalum, tantalum nitride, or the
like. The conductive material may be copper, a copper alloy,
silver, gold, tungsten, aluminum, nickel, or the like. A
planarization process, such as a CMP, may be performed to
remove excess material from a surface of the ILD 90. The
remaining liner and conductive material form contacts 92 in
the openings. An anneal process may be performed to form
a silicide at the interface between the source/drain regions
80 (if present, capping layer 84) and the contact 92. The
contact 92 1s physically and electrically coupled to the
source/drain regions 80 (if present, capping layer 84).

Although not explicitly shown, a person having ordinary
skill in the art will readily understand that further processing
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steps may be performed on the structure mn FIG. 14. For
example, various inter-metal dielectrics (IMD) and their
corresponding metallizations may be formed over 1LD 90.
Further, contacts to the gate 68 may be formed through
overlying dielectric layers.

Further, 1n some embodiments, a gate-last process (some-
times referred to as replacement gate process) may be used.
In those embodiments, the gate 68 and the gate dielectric 66
may be considered dummy structures and will be removed
and replaced with an active gate and active gate dielectric
during subsequent processing.

FIGS. 15 and 16 illustrate cross-sectional views of inter-
mediate stages ol processing of a gate-last structure in
accordance with some embodiments. FIGS. 15 and 16 are
cross-sectional views are along the cross-section A-A of
FIG. 1.

FI1G. 15 illustrates a structure after the processing of FIG.
13 but with additional steps being performed. These addi-
tional steps include removing the gate 68 (sometimes
referred to as a dummy gate 68 1n this embodiment), gate
seal spacers 72, and portions of the gate dielectric layer 66
(sometimes referred to as a dummy gate dielectric layer 66
in this embodiment) directly underlying the gate 68. In some
embodiments, the gate 68, the gate dielectric 66, and the gate
seal spacers 72 are removed 1n an etching step(s), so that
recesses are formed. Each recess exposes a channel region
of a respective fin 64. Each channel region i1s disposed
between neighboring pairs of epitaxial source/drain regions
80. During the removal, the dummy gate dielectric layer 66
may be used as an etch stop layer when the dummy gate 68
1s etched. The dummy gate dielectric layer 66 and gate seal
spacers 72 may then be removed after the removal of the
dummy gate 68.

Further, 1n FIG. 15, gate diclectric layer 96 and gate
clectrode 98 are formed for replacement gates. The gate
dielectric layer 96 1s deposited conformally in the recess,
such as on the top surfaces and the sidewalls of the fins 64
and on sidewalls of the gate spacers 86, and on a top surface
of the ILD 90. In accordance with some embodiments, the
gate dielectric layer 96 comprises silicon oxide, silicon
nitride, or multilayers thereof. In other embodiments, the
gate dielectric layer 96 includes a high-k dielectric material,
and 1n these embodiments, the gate dielectric layers 96 may
have a k value greater than about 7.0, and may include a
metal oxide or a silicate of Hi, Al, Zr, La, Mg, Ba, T1, Pb,
and combinations thereof. The formation methods of gate
dielectric layer 96 may include MBD, ALD, PECVD, and
the like.

Next, the gate electrode 98 1s deposited over the gate
dielectric layer 96, respectively, and fills the remaining
portions of the recess. The gate electrode 98 may be made
ol a metal-contaiming material such as TiN, TaN, TaC, Co,
Ru, Al, combinations thereof, or multi-layers thereof. After
the filling of the gate electrode 98, a planarization process,
such as a CMP, may be performed to remove the excess
portions of gate dielectric layer 96 and the material of gate
clectrode 98, which excess portions are over the top surface
of ILD 90. The resulting remaining portions of material of
the gate electrode 98 and the gate dielectric layer 96 thus
form a replacement gate of the resulting FinFET.

In FIG. 16, an ILD 100 1s deposited over ILD 90. Further
illustrated 1n FIG. 16, contacts 92 are formed through the
ILD 100 and the ILD 90 and the contact 102 1s formed
through the ILD 100. In an embodiment, the ILD 100 1s a
flowable film formed by a flowable CVD method. In some
embodiments, the ILD 100 1s formed of a dielectric material
such as PSG, BSG, BPSG, USG, or the like, and may be
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deposited by any suitable method, such as CVD and
PECVD. Openings for the contacts 92 are formed through
the ILDs 90 and 100. The opening for the contact 102 1s
formed through the ILD 100. These openings may all be
formed simultaneously in a same process, or in separate
processes. The openmings may be formed using acceptable
photolithography and etching techniques. A liner, such as a
diffusion barrier layer, an adhesion layer, or the like, and a
conductive material are formed 1n the openings. The liner
may include titantum, titammum nitride, tantalum, tantalum
nitride, or the like. The conductive material may be copper,
a copper alloy, silver, gold, tungsten, aluminum, nickel, or
the like. A planarization process, such as a CMP, may be
performed to remove excess material from a surface of the
ILD 100. The remaining liner and conductive material form
the contacts 92 and 102 1n the openings. An anneal process
may be performed to form a silicide at the interface between
the epitaxial source/drain regions 80 and the contacts 92,
respectively. The contacts 92 are physically and electrically
coupled to the epitaxial source/drain regions 80 and the
contact 102 1s physically and electrically coupled to the gate
clectrode 98.

Embodiments may achieve advantages. For example, the
present disclosure 1s a semiconductor device and method of
forming the same to provide a simple and cost-effective
process flow to achieve a epitaxial source/drain in a FinFET
with less defects (such as dislocations), at least near a
channel region of the FinFET, for device enhancement. In
addition, this simple and cost-eflective process flow may
achieve better 1solation between adjacent fins by reducing
the leakage between adjacent fins and may also reduce the
contact resistance to the source/drain region. In particular,
embodiments such as those disclosed below include a pro-
cess tlow that utilizes epitaxially grown source/drain regions
with some of the 1solation material of the 1solation region
(e.g. shallow trench 1solation (STI1) region) and some of the
sidewall spacer material remaining between the adjacent fins
in the source/drain regions. This remaiming isolation mate-
rial and spacer material suppresses the generation of dislo-
cations because it reduces the amount of epitaxial volume
between adjacent fins. Further, the remaining isolation mate-
rial and spacer material can reduce the capacitance between
the between the epitaxial source/drain structure. This
reduced capacitance can allow for better alternating current
(AC) performance for the device. Further, an upper surface
of the epitaxial source/drain structure may have a non-planar
(e.g. undulating and/or wavy) top surface, which can
increase the contact surface area for the overlying contact.
This increased contact surface area can reduce the contact
resistance to the source/drain region.

An embodiment is a structure including a first fin over a
substrate, a second fin over the substrate, the second fin
being adjacent the first fin, an 1solation region surrounding
the first fin and the second fin, a first portion of the 1solation
region being between the first fin and the second fin, a gate
structure along sidewalls and over upper surtaces of the first
fin and the second fin, the gate structure defining channel
regions 1n the first fin and the second fin, a gate seal spacer
on sidewalls of the gate structure, a first portion of the gate
seal spacer being on the first portion of the 1solation region
between the first fin and the second fin, and a source/drain
region on the first fin and the second fin adjacent the gate
structure.

Another embodiment 1s a method including forming fins
on a substrate, forming an 1solation region surrounding the
fins, a first portion of the 1solation region being between
adjacent fins, forming a gate structure over the fins, forming
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a gate seal spacer on sidewalls of the gate structure, a first
portion of the gate seal spacer being on the first portion of
the 1solation region between adjacent fins, and forming
source/drain regions on opposing sides of the gate structure,
at least one of the source/drain regions extending over the
first portion of the gate seal spacer.

A further embodiment 1s a method including forming a
first fin and a second fin over a substrate, the second fin
being adjacent the first fin, depositing an i1solation material
surrounding the first fin and the second fin, a first portion of
the 1solation material being between the first fin and the
second fin, upper portions of the first fin and the second fin
extending above a top surface of the 1solation material,
forming a gate structure along sidewalls and over upper
surfaces of the first fin and the second fin, the gate structure
defining channel regions in the first fin and the second fin,
depositing a gate seal spacer on sidewalls of the gate
structure, a {irst portion of the gate seal spacer being on the
first portion of the 1solation material between the first fin and
the second fin, recessing the first fin and the second fin
outside of the gate structure to form a first recess 1n the first
fin and a second recess 1n the second fin, and epitaxially
growing a first source/drain region 1n the first recess of the
first fin and the second recess of the second fin, the first
portion of the gate seal spacer being interposed between the
first portion of the i1solation material and the first source/
drain region.

The foregoing outlines features of several embodiments
so that those skilled 1n the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A semiconductor device comprising:

a first fin over a substrate;

a second fin over the substrate, the second fin being
adjacent to the first fin;

an 1solation region surrounding the first fin and the second
{in, a first portion of the 1solation region being between
the first fin and the second fin, the first portion of the
1solation region having a concave upper surface;

a gate structure along sidewalls and over upper surfaces of
the first fin and the second fin, the gate structure
defining channel regions 1n the first fin and the second
fin;

a gate seal spacer on sidewalls of the gate structure, a first
portion of the gate seal spacer being on the first portion
of the 1solation region between the first fin and the
second fin, the first portion of the gate seal spacer
having a convex upper surface distal to the substrate
and having a concave lower surface facing the first
portion of the 1solation region; and

a source/drain region on the first fin and the second fin.

2. The semiconductor device of claim 1, wherein the

source/drain region extends continuously from the first fin to
the second fin.

3. The semiconductor device of claim 1, wherein the

source/drain region comprises:
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a bufler layer on the first fin and the second fin, the butler
layer having a first dopant concentration of a first
dopant;

a stressor layer on the bufler layer, the stressor layer
having a second dopant concentration of the first dop-
ant, the second dopant concentration being larger than
the first dopant concentration; and

a capping layer on the stressor layer, the capping layer
having a third dopant concentration of the first dopant,
the third dopant concentration being smaller than the
second dopant concentration.

4. The semiconductor device of claim 3, wherein the first

dopant 1s germanium.

5. The semiconductor device of claim 1, wherein the
source/drain region has a non-planar top surface.

6. The semiconductor device of claim 1, wherein the
source/drain region comprises:

a first portion on the first fin, the first portion of the
source/drain region extending vertically from the first
fin; and

a second portion on the first portion, the second portion
extending both horizontally and vertically.

7. The semiconductor device of claim 6, wherein the

source/drain region comprises:

a third portion on the second {in, the third portion of the
source/drain region extending vertically from the sec-
ond fin; and

a fourth portion on the third portion, the fourth portion
extending both horizontally and vertically.

8. The semiconductor device of claim 7, wherein the first
portion of the gate seal spacer contacts the first portion and
the third portion of the source/drain region.

9. The semiconductor device of claim 1, wherein the first
portion of the 1solation region has a height between about 14
nm and about 20 nm.

10. The semiconductor device of claim 9, wherein the first
portion of the gate seal spacer has a height between about 9
nm and about 15 nm.

11. The semiconductor device of claim 1, wherein the first
portion of the gate seal spacer has a bottom portion con-
tacting the first portion of the 1solation region, a middle
portion over the bottom portion, and a top portion over the
middle portion, wherein the middle portion 1s narrower than
the top portion and the bottom portion.

12. A semiconductor device comprising:

fins on a substrate;

an 1solation region between the fins, a first portion of the
1solation region being between adjacent fins, the first
portion of the i1solation region having a concave upper
surface;

a gate structure over the fins;

a gate seal spacer on sidewalls of the gate structure, a first
portion of the gate seal spacer being on the first portion
of the 1solation region, the first portion of the gate seal
spacer comprising:

a bottom portion contacting the first portion of the
1solation region, the bottom portion having a first
width and a concave lower surface contacting the
first portion of the 1solation region;

a middle portion over the bottom portion, the middle
portion having a second width smaller than the first
width; and

a top portion over the middle portion, the top portion
having a third width larger than the second width;
and

source/drain regions on opposing sides of the gate struc-
ture.
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13. The semiconductor device of claim 12, wherein the

source/drain regions extend continuously from a first one of

the fins to an adjacent second one of the fins, wherein the
first portion of the gate seal spacer 1s disposed between the
source/drain regions and the isolation region.

14. The semiconductor device of claim 12, wherein the
top portion of the first portion of the gate seal spacer has a
convex upper surface distal from the substrate.

15. The semiconductor device of claim 12, wherein upper
surfaces of the source/drain regions extends further from the
substrate than the concave upper surface of the first portion
of the 1solation region.

16. The semiconductor device of claim 12, wherein the
source/drain regions comprise:

a first sublayer on the fins, the first sublayer having a first

dopant concentration of germanium;

a second sublayer on the first sublayer, the second sub-
layer having a second dopant concentration of germa-
nium larger than the first dopant concentration; and

a third sublayer on the second sublayer, the third sublayer
having a third dopant concentration of germanium
smaller than the second dopant concentration, wherein
the first dopant concentration, the second dopant con-
centration, and the third dopant concentration are larger
than zero.

17. The semiconductor device of claim 16, wherein the

second dopant concentration 1s larger than about 40%.

18. A semiconductor device comprising:

a first fin and a second fin protruding above a substrate,
the second fin being adjacent to the first fin;

an 1solation material between the first {in and the second
fin, the isolation material having a concave upper
surface, the first fin and the second {in extending above
the concave upper surface of the 1solation material;
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a gate structure over the first fin and the second {in;

a gate seal spacer on sidewalls of the gate structure, a first
portion of the gate seal spacer being on the 1solation
material between the first fin and the second fin,
wherein a center of an upper surface of the first portion
of the gate seal spacer extends further from the sub-
strate than opposing edges of the upper surface of the
first portion of the gate seal spacer, wherein a center of
a lower surface of the first portion of the gate seal
spacer extends closer to the substrate than opposing
edges of the lower surface of the first portion of the gate
seal spacer; and

a source/drain region on the first fin and the second fin, the
source/drain region extending continuously from the
first fin to the second fin, the first portion of the gate
seal spacer being interposed between the isolation
material and the source/drain region.

19. The semiconductor device of claim 18, wherein the
source/drain region comprises:

a {irst portion extending from upper surfaces of the first {in
and the second fin to the upper surface of the first
portion of the gate seal spacer; and

a second portion on the first portion, the second portion
extending over the first portion of the gate seal spacer.

20. The semiconductor device of claim 18, wherein the
source/drain region comprises a dopant, wherein a concen-
tration of the dopant increases from a bottom portion of the
source/drain region to a middle portion of the source/drain
region, wherein the concentration of the dopant decreases
from the middle portion of the source/drain region to a top
portion of the source/drain region.
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